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Introduction
In both Type 1 and Type 2 diabetes mellitus the cytokines interleukin 1β (IL-1β) and interferon-γ (IFN-γ) play significant roles in disease onset by contributing to a state of inflammation, which disrupts the normal cell function [1, 2] . These cytokines activate the transcription factors nuclear factor kappa-light-chain enhancer of activated B-cells (NF-κB) and signal transducers and activators of transcription-1 (STAT-1), respectively [3] . By promoting the production of chemo/cytokines and chemo/cytokine receptors, these factors play a crucial role in the innate as well as the specific immune system [4] . This means that NF-κB and STAT-1, by controlling inflammation and immunity, are possible key factors in the destruction of -cells [5] .
NF-B may also affect the development of diabetes by its ability to modulate apoptosis. The antiapoptotic effect of NF-κB is well documented in a majority of cell types [6] . However, the effect of this transcription factor on apoptosis rates in -cells is far from clear. In some cases genes activated by NF-κB in response to cytokines are mainly thought to be pro-apoptotic [7] . For example, it has been shown that IL-1β-induced NF-B activation initiates excessive nitric oxide (NO) production and that this is followed by apoptosis [8] . In other cases it has been shown that NF-κB activates anti-apoptotic genes or promotes survival and maintained function in islet cells [9] [10] [11] . The NF-B-dependent anti-apoptotic pathway is thought to be vital for preserving islet viability as inflammation and insulitis build up in vivo [9] .
The uncertainty as to whether NF-B is pro-or anti-apoptotic in -cells may relate to the use of different species as sources of insulin producing cells. For example, it has been reported that human -cells are considerably more resistant to oxidative stress than rodent -cells [12] .
Thus, rodent -cells may be more vulnerable to cytokine-induced NO production than human -cells, leading to completely different viability outcomes in response to NF-B and iNOS activation. In addition, the time course of cytokine-induced human islet cell death may be different from that of rodent cells [13] , suggesting that human islet cell death, as opposed to that of rodent islet cells, may not parallel cytokine-induced NF-B activation. Despite this, it is often postulated that NF-B exerts a pro-apoptotic role in the pathogenesis of diabetes. Unfortunately, no systematic comparisons of human and rodent -cell transcription factor activation/cell death time courses have, to our knowledge, hitherto been performed. Therefore, the aim of the present investigation was to compare the time-dependency of cytokine-induced NF-κB and STAT-1 activation, NO production and cell death in a rodent -cell line with that in human islet cells. 
Materials and methods

Rat and human insulin producing cells
Rat RIN5AH cells were cultured in RPMI-1640 medium (Sigma) with 10 % fetal bovine serum, L-glutamine and penicillin. The human pancreatic islets were isolated from the pancreas of brain-dead organ donors using collagenase digestion and Biocoll gradient centrifugation.
After isolation, the islets were cultured free-floating in CMRL 1066 medium containing 5.6 mM glucose, 10% fetal calf serum (FCS), and 2 mM L-glutamine for 1-5 days. To evaluate islet functional quality, batches of twenty islets were perfused with Krebs-Ringer bicarbonate HEPES buffer (KRBH) containing 2 mg/ml human albumin and 1.67 mmol/l glucose at a flow rate of 0.3 ml/min. The glucose concentration was increased to 16.7 mM after a 30-min period. Fractions for insulin measurement were collected every 4 min.
For the measurement of cell viability, nitric oxide and protein phosphorylation and levels, the RIN5AH cells were treated with human recombinant IL-1β (50 U/ml) and murine IFN-γ (1000 U/ml) for 20 min, 1 day, 3 days and 5 days. Medium was changed day 2 and 4. Some groups were also supplemented with 0.75 mM aminoguanidine (AG). The human islets were treated with human IL-1β (50 U/ml), human IFN-γ (1000 U/ml) and 0.75 mM AG.
Cell death and nitrite analysis
The RIN5AH cells were kept in black 96 well plates, and cell death was measured on day showing blue and red fluorescence. The intensities were quantified using Adobe Photoshop and the ratios were calculated. At least 10 islets per group were photographed and analyzed. Nitrite levels were analyzed using the Griess reagent [14] .
Immunoblot blot analysis
The RIN5AH cells and the human islets were washed and solubilized in SDS-sample buffer containing the Halt Protease & Phosphatase Inhibitor Cocktail (Thermo Scientific).
Proteins were separated on 10% SDS-PAGE gels and then electrophoretically transfered to polyvinylidene difluoride (PVDF) membranes (Amersham Hybond™-P). After preblocking, membranes were incubated with the following primary antibodies: IB- (C-21, Santa Cruz), Phospho-Ser32-IB- (Cell Signaling), p65 (F-6, Santa Cruz), cIAP2 (Abcam), Methyl-Lys221-p65 [15] and Phospho-Tyr701-STAT1 (Cell Signaling). As secondary antibody was used IgGHRP from GE Healthcare. The immunoreactivity was detected with the Millipore Immobilon immunoblotting detection system and the Kodak 4000 MM Image station. Total protein loading and transfer was assessed with amido black staining. The same filter were used for several consecutive immunoblottings and bound antibodies were stripped away from filters by incubating for 40 min at 55°C in 2% (wt/vol) SDS, 100 mmol/l Tris, pH 6.8 and 0.5 M β-mercaptoethanol.
Results
Effects of cytokines and/or aminoguanidine (AG) on RIN5AH cell death, cell number and NO production
Cytokines promoted a pronounced increase in cell death at day 1. On day 3, however, cell death rates were lower in cytokine-exposed cells, indicating that a subpopulation of cytokineresistant RIN5AH with low cell death rates cells had been selected by the cytokine treatment.
Cell death rates on day 1 were increased when AG was added together with cytokines ( Figure   1A ), but less dramatically than when cytokines were added alone. Also the combination of cytokines + AG resulted in a lowered cell death at day 3. AG by itself did not affect cell death rates.
From the same experiments, the relative amounts of cells, obtained by bisbenzimide staining, were calculated ( Figure 1B ). We observed low numbers of cells in the cytokine group at day 3 and possibly day 5, reflecting the initial loss of cells ( Figure 1B) . AG protected completely against the cytokine-induced lowering of total cell number.
On day 1 cytokines promoted a potent increase in nitrite levels, which was partially counteracted by AG ( Figure 1C ). On day 3 and 5 the cytokine-induced nitrite increase was even more pronounced, consistent with the view that the cytokine-treatment had resulted in selection of a NO-resistant cell subpopulation. Thus, most RIN5AH cells die on day 1 from cytokineinduced NO-production and the remaining cells survive in spite of increasing NO levels. Interestingly, cytokine-induced STAT-1 phosphorylation was very prominent at 20 min as compared to day 1, 3 and 5. The ratio of Phospho- to total  was markedly increased by cytokines at 20 min (Figure 2) . However, as total  levels were decreased at 20 min, the increased ratio was mainly due to a rapid loss of total  and not to an increase in total P- levels. The ratio P-/total  was not affected by cytokines or AG on day 1, 3 or 5, indicating NF-B-induced IL-1 desensitization. The methylation of p65 is considered to represent nuclear NF-B activation [15] . When normalizing methyl-p65 to total p65 levels, we observed that NF-κB was activated in response to cytokines after 20 minutes, 1 day and 3 days, but not at 5 days (Figure 2 ). Somewhat surprisingly, NF-B was not methylated in the presence of AG, indicating the requirement of NO for full NF-B activation in RIN5AH cells. The timedependent decrease in p65 methylation supports, similarly to the case with P-, NF-B-induced desensitization.
Upon activation NF-B is known to bind to the cIAP-2 gene and induce expression of this anti-apoptotic protein [16] . Thus, cIAP-2 expression could be considered as an NF-B target gene that reflects NF-B in vivo activity. However, cytokines or AG did not affect cIAP-2 levels in RIN5AH cells at any of the time points studied (results not shown).
Effects of cytokines and/or AG on cell death in human islets
Islet batches were first tested for glucose responsive insulin release and only glucose responsive islets (> 2-fold increased) were used for further experimentation. In addition, islets from the different donors were stained with Newport Green and studied in a fluorescence microscope for estimation of percentage cells with granular cytoplasmic staining. Only islets batches with approximate -cell percentages above 30% were used.
We failed to observe any cytokine-induced increase in human islet cell death on day 1 (Figure 3 ). On day 3, however, cell death was increased and the cell death continued to increase on day 5 and 7. AG did not protect against cytokine-induced human islet cell death. Thus, human islets die later than RIN5AH cells and by an NO-independent mechanism. We also measured human islet production of NO, but due to weak signals, due to a rather small number of islets per culture dish, we could only observe cytokine-induced NO production in sporadic experiments. In those experiments, however, cytokine-induced NO production was counteracted by AG (results not shown).
Effects of cytokines and/or AG on STAT-1 and NF-B activation in human islets
Cytokine exposure promoted STAT-1 tyrosine phosphorylation already after 20 min (Figure 4 ). This effect was somewhat weaker at 1 day, but returned to high levels on day 3 and 5.
AG did not affect P-STAT-1 levels. Cytokine exposure induced also an increase in the P-/total  ratio at 20 min and on day 1. Again, the increased P-/total  ratio was paralleled by a lowered total  level at 20 min. On day 3 and 5, however, the P-IκB/total  ratio was no longer increased by cytokines. AG did not affect cytokine-induced  phoshorylation. Met-p65 was augmented in cells exposed to cytokines for 20 min and for 1 day (Figure 4) . Interestingly, on day 3 and 5 increased p65 methylation was no longer observed in human islets exposed to cytokines. AG did not affect cytokine-induced p65 methylation. These results indicate that STAT-1 phosphorylation remained high throughout a 5-day cytokine culture period, and that time-dependent NF-B desensitization occurs both in human islets cells and rat insulin producing cells.
NF-B activation is known to enhance transcription of the  and cIAP-2 genes.
Interestingly, after the initial decrease at 20 min,  protein levels were increased by cytokines at 1 day, possibly reflecting increased NF-B-induced transcription (Figure 4 ). On day 3 and 5, however, the levels of IκB return back to the levels of non-stimulated islet cells. A similar pattern was observed with the other NF-B target gene cIAP-2 (results not shown). 
Discussion
In the present study we performed, to our knowledge, the first systematic comparison between rat insulin producing cells and human islet cells regarding cytokine-induced NF-B-and STAT-1 activation, NO-production and cell death. We report that there exist major differences in cytokine responsiveness between the rodent and the human cells. It is noteworthy that human islets consist of only 30-60% -cells and that the rat insulin producing cells are transformed insulinoma cells. However, RIN-cells have been observed to respond to cytokine exposure with similar signaling and cell death events as primary -cells from isolated pancreatic islets [17] . Moreover, previous work has reported that FACS-purified human -cells die when cultured in the presence of cytokines [18] . It is therefore unlikely that the presently observed cell death and signaling events of human islets would represent only non--cells.
In agreement with many previous studies, the RIN5AH cells responded to the cytokine treatment in line with the well established dogma stating that IL-1 and IFN- activate NF-B and STAT-1, respectively, which in turn leads to maximal iNOS expression and pronounced cell death after only 24 hours [8] . The iNOS inhibitor AG counteracted this cell death pathway, pinpointing the pivotal role of NF-B-induced iNOS expression in rat -cells. Indeed, rat -cells are known to be very sensitive to NO, most likely due to a particularly low defense capacity against oxidative stress [12] . Therefore, in rat -cells, NF-κB, in synergy with STAT-1, functions as a pro-apoptotic/necrotic factor by inducing iNOS.
Interestingly, the RIN5AH cell death rates in the presence of cytokines were decreased on day 3 and 5. Apparently a subpopulation of RIN5AH cells survived the high levels of NO, which resulted in the selection of cytokine-resistant cells, as observed also in previous studies [19] . It is not clear why a subpopulation of the RIN5AH cells presently survived high NO levels, but it could be speculated that a lower degree of STAT-1 activation, as observed in the surviving cells, explained the improved resistance to NO. It is also possible that the surviving cells possessed a better enzymatic defense against oxidative stress [20] , a possibility not addressed in this study.
The human islet cells died not until day 3 when cultured with cytokines, and AG did not prevent this effect, suggesting that human islet cell death occurs by NO-independent pathways. This is much in line with previous studies reporting that human islet cell death occurs later than rodent islet cell death and that inhibitors of NOS do not protect against cytokine-induced cell death [21, 22] . A possible explanation for this fundamental difference between human and rodent -cells may be that human islet cells express higher levels of anti-oxidative enzymes and 9 other stress proteins [20] . Thus, although NO production occurs in human islet cells, it is unlikely that human islet cells die from this event. Instead, NF-B might exert an anti-apoptotic role in human islet cells, as observed in most other cell types. Indeed, our finding that p65 methylation and  phosphorylation rates and  protein levels subsided during prolonged cytokine exposure, both in RIN5AH and human islet cells, points to the existence of an efficient NF-B negative feed-back loop, resulting in NF-B desensitization [23, 24] . As NF-B becomes increasingly desensitized to IL-1 stimulation, the expression of the anti-apoptotic NF-B target gene cIAP-2 declines and increased susceptibility to pro-apoptotic signals ensues. This chain of events might occur also in RIN5AH cells. In these cells there is a similar early NF-B activation followed by a late deactivation. Thus, NF-B-dependent pathways are initially activated, but, due to the high susceptibility to NO, nitrosative stress prevails and the cells die despite attempts to activate anti-apoptotic genes.
Assuming that NF-B can no longer protect against apoptosis in human islet cells on day 3 and 5, then what promotes apoptosis? Studies have reported STAT-1 to be pro-apoptotic when activated in -cells [5, 25] . In the present investigation STAT-1 was activated by IFN- already after 20 minutes and remained highly phosphorylated throughout the different culture periods.
It is not clear why STAT-1 phosphorylation remains high and not subsides from negative feedback inhibition, as does NF-B, but it has been reported that SOCS-1 overexpression in -cells resulted in diminished STAT-1 phosphorylation and protection against -cell death and diabetes [26] . Therefore, it may be that the endogenous SOCS-1 activity of -cells is inherently low resulting in a particularly high sensitivity to prolonged IFN- stimulation. Thus, it is tempting to speculate that the early anti-apoptotic activity of NF-B protects against STAT-1, but, due to the negative feed-back inhibition of NF-B, STAT-1 dominates over NF-B on day 3 to 5, and -cells can then no longer survive. A possible extrapolation of these in vitro events to an in vivo situation could be that a prolonged islet inflammatory reaction, combined with hypersecretion of T-lymphocyte-derived IFN-, disturbs the -cell balance of pro-and anti-apoptotic factors in vivo, causing an accelerated development of diabetes and increased -cell death.
In summary, by systematic comparisons we have observed that human islet cells and rat insulin producing cells respond very differently to cytokine exposure. Our time course experiments indicate that rat cells die rapidly from NO-induced toxicity, whereas human islet cells die later from NO-independent mechanisms. Cytokine-induced human islet cell death parallels subsiding NF-B activity and persistently high STAT-1 phosphorylation rates. It may be that successful strategies to prevent -cell death in vivo need to involve the inhibition of STAT-1.
It may also be that great caution should be exercised when extrapolating results regarding the pro-apoptotic activity of NF-B in rat -cells to the human situation. normalized to total p65 signals and P- to total  Total  was normalized to amido black staining from the same filters. Observe the decrease in total p65 of cytokine-treated cells on day 1, 3 and 5, which occurs as a consequence of cytokineinduced cell death. * denotes P<0.05, ** P<0.01 and *** P<0.001 compared to the control group using Student's t-test (n=4). Fig. 3 . Cell death in human islets after exposure to cytokines and/or AG for different time periods. Human islets were cultured for up to 7 days with or without IL-1 (50 U/ml) + IFN- (1000 U/ml) (cytokines) and 0.75 mM AG. Relative cell death was assessed by vital staining with propidium iodide and bisbenzimide and calculation of the red/blue ratio. Results are expressed as ratios to the control and are means ± SEM. * denotes P<0.05 compared to the control group using Student's t-test (n=4-6). Fig. 4 . Effects of cytokines and/or AG on human islet STAT-1-and  phosphorylation and p65 meythylation. Human islets were cultured as in Figure 3 and then used for 15 immunoblot analysis of P-STAT-1, P-, total , Met-p65 and total-p65. P-STAT-1 and Met-p65 were normalized to total p65, P- was normalized to total  and total  was normalized to amido black. All experimental groups were expressed as ratios to the control. Results are means ± SEM. * denotes P<0.05 and ** denotes P<0.01 compared to the control group using Student's t-test (n=4).
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